We report the synthesis of CeBi single crystals grown out of Bi self flux and a systematic study of the magnetic and transport properties with varying temperature and applied magnetic fields. From these R(T, B) and M (T, B) data we could assemble the temperature-field (T − B) phase diagram for CeBi and visualize the three dimensional M − T − B surface. The magnetoresistance (MR) in the low temperature regime shows a power-law, non-saturated behavior with large MR (∼ 3 × 10 5 % at 2 K and 14 T), along with Shubnikov-de Haas oscillations. With increasing temperatures, MR decreases, and then becomes negative for T 12 K. This crossover in MR seems to be unrelated to any specific metamagnetic transitions, but rather associated with changing from a low-temperature normal metal with an anomalously large MR to increased scattering off of local Ce moments as temperature increases. arXiv:1912.08896v1 [cond-mat.str-el] 
I. INTRODUCTION
The search for novel topological materials, as well as understanding their exotic physics, has been of recent interest to the condensed matter research community. [1] [2] [3] [4] Existence of magnetism in topological materials not only provides a fertile ground for studying the effects of magnetic ordering on topological states, but also holds promises for their application in technology. 5, 6 Whereas the existence of magnetism in topological insulators is known to give rise to features like the quantum anomalous Hall effect and chiral edge states, 7 magnetic topological semimetals and their properties are less well understood. Looking for the existence of topological states in magnetic semimetals has revived interest in many materials from the past decades leading to them being studied under a new light, with renewed vigor and rigor.
The rare-earth monopnictides (RX, R=rare-earth, X=P, As, Sb, Bi) family, which crystallize in the simple NaCl structure, is such a set of compounds. They have been studied in the past for the rich magnetism they host, including perspective of Kondo lattices and valence fluctuation compounds. [8] [9] [10] [11] [12] [13] [14] In recent years new studies have been done on them as candidates for topological materials. [15] [16] [17] [18] [19] Theoretical predictions and band structure calculations on this family tend to give varying results depending on the different approaches taken, and the approximations made. 17, [20] [21] [22] In experiment, direct observation of the electronic band structure using angle resolved photo emission spectroscopy (ARPES) has shown Dirac like features in RSb (R = Y, Ce, and Gd). 23 Another interesting aspect, that has been brought to the forefront by recent studies is the existence of large magnetoresistance in many of the rare-earth antimonides and bismuthides. 18, 20, 24, 25 The origin of such large MR is often associated with high mobility and carrier compensation as observed in many semimetals with extremely large magnetoresistance (XMR) like PtSn 4 and WTe 2 ( 10 6 % at 2 K and 14 T). [26] [27] [28] Dirac and Weyl semimetals have linear, or near linear, dispersion of electronic bands facilitating high mobility, and, as a result, XMR has been correlated with the presence of non-trivial electronic topologies. 26, 28 CeX, the cerium members of the RX families, have been predicted to show a transition from trivial to nontrivial topology as we move down the X− group to heavier pnictogens, due to the effects of increasing spin-orbit coupling. 22 CeBi, known to show multiple metamagnetic transitions in the magnetic field -temperature phase space, with a strong anisotropy arising from crystalline electric field (CEF) effects, thus provides an exemplary candidate to study the effects of magnetic ordering in magnetoresistance and electronic structure. [29] [30] [31] Here, we report the crystal growth, magnetic characterization, and detailed magneto-transport measurements on single crystals of CeBi. We identify regions that are prone to large hysteresis in field as well as temperature, correlating with the existence of many, near degenerate states. The magnetic field-temperature phase diagram obtained from decreasing temperature and field sweeps has an additional phase line as compared to the previous report, but otherwise agrees well with it. 30 We also observed a non-monotonic behavior of magnetoresistance with temperature, where a low temperature large MR behavior slowly diminishes and becomes negative MR with increasing temperatures. This was followed by a shift to positive MR again but with comparatively small magnitude.
II. EXPERIMENTAL DETAILS
Single crystals of CeBi were grown out of Bi self flux, using the current binary Bi-Ce phase diagram. 32, 33 An initial composition of Ce 26 Bi 74 was sealed in a welded tantalum tube under an argon atmosphere, followed by sealing under partial pressure of argon into a fused silica ampoule. The thus prepared ampoule was heated up to 1200 • C over 8 hours and held there for 4 hours, followed by slow cooling to 940 • C over 60 hours, at which temperature, the excess flux was decanted using 35 Additional peaks due to Bi flux are marked by green arrows. The obtained lattice parameter a = 6.510 ± 0.008Å is in agreement with Ref. 35. a centrifuge. 32, 34 The air sensitive crystals, of typical dimensions of about 5 mm ×5 mm ×3 mm, were handled in a nitrogen filled glove box. The phase purity was confirmed by powder x-ray diffraction using a Rigaku Miniflex diffractometer (also in nitrogen glove box), using Cu K α radiation. Magnetization (M ), as a function of temperature (T ) was measured on two different crystals. An initial measurement of M (T ) at 0.5 T was made in a Quantum Design Magnetic Property Measurement System (QD-MPMS), upon cooling from 300 K to 2 K. This is shown below in Fig. 2 (a). Later more detailed and systematic measurements were carried out in a QD-MPMS 3, in vibrating sample magnetometer (VSM) mode, from temperatures 1.8 K to 35 K, and applied magnetic fields (B) up to 7 T. The magnetic field was applied along one of the < 001 > directions. For M (T ) data acquisition, measurements were done with both zero field cooled (ZFC) sample with increasing temperatures and on field cooled (FC) with decreasing temperatures. Similarly, for M (B) measurements, both increasing and decreasing field isotherms were measured for various temperatures between 3 K and 27.5 K.
Resistance measurements were done in the standard four-probe geometry, in a Quantum Design Physical Property Measurement System (QD-PPMS) using a 1 mA excitation with a frequency of 17 Hz. Electrical contacts were made on a cleaved, rectangular bar shaped, crystal, using silver paint (Dupont 4929). The magnetic field, up to 14 T, was applied along one of the < 001 > directions, and perpendicular to the current which was also along one of the < 001 > directions. R(T ) measurements were done partially on warming and partially on III. RESULTS Figure 1 shows the powder x-ray diffraction data. The peaks resolved match with the reported peak positions for the cubic F m3m structure of CeBi. 35 From the (hkl) indices assigned, by comparison to the reported structure, we calculated by hand lattice parameter a = 6.510 ± 0.008Å, which is in agreement with Ref. 35 . Weak additional peaks, corresponding to small amounts of residual Bi flux are also identified (marked by green arrows in the figure) .
A. Magnetization
The magnetic characterization was done on cleaved and clean crystals handled in a nitrogen filled glove box. Fig. 5 below by a dark yellow square). The transition temperatures are determined by taking the extrema in d(χT )/dT data, which is the criterion for transition temperature in a simple antiferromagnet, 36 but has been used to identify multiple transitions as well. 37 A Cuire-Weiss fit for the paramagnetic regime above the transition, gives an effective moment, µ ef f = 2.5±0.1 µ B , in agreement with the expected effective moment 2.54 µ B for Ce 3+ ions, and θ = 10.6 ± 0.1 K. Figure 3 shows a representative set of M (T ) and M (B) data. M (T ), measured on both ZFC and FC sample with warming and cooling respectively; data for a low field of 0.5 T, at an intermediate field of 2 T, and at a higher field of 3.25 T are shown in Fig. 3 (a), (b) and (c). For lower field measurement shown in Fig. 3 (a) , there is a stark distinction between ZFC and FC data, with a notable hysteresis for the transition around 15 K. In addition, ZFC goes through a cascade of transitions some of which are barely resolvable, whereas the FC measurement shows two well defined features. With increasing It should be noted that Fig. 3 (b) also shows the plateaus in M (T ) corresponds to roughly a quarter, a third, and a half of the measured saturated magnetic moment value µ sat = 2.2 µ B /f.u., which are denoted by dotted lines in the figure. As we increase the temperature this lowerfield hysteretic behavior starts to disappears and the increasing and decresing field M (B) data fall on top of each other with well defined plateaus, as shown in Fig. 3 Having gained an insight into the hysteretic behavior of the magnetization data, we can now look at how various features evolve with temperature and field. Figure  4 (a) shows the temperature dependent magnetization, M (T ), at various magnetic fields up to 7 T. As compared to the 0.5 T measurement, by increasing magnetic fields up to 3.25 T, the kink-like anomaly near 25 K becomes more pronounced and is gradually suppressed to lower temperature. Whereas, the step-like anomaly originally near 15 K, moves to higher temperature with increasing fields. At about 3.5 T, these two anomalies merge together and evolve into a single, jump-like drop of M for 4 T < B < 4.5 T. At even higher fields, all anomalies are suppressed and behavior of M (T ) approaches that of a field polarized (saturated paramagnetic) state. In the intermediate field range (1.5 T < B < 3 T), additional step-like anomalies in M (T ) appear between 15 K and 22 K (corresponding to the series of closely placed transitions shown in Fig. 5 using star, hexagon, and diamond symbols) which can be associated with additional magnetic transitions. From these transitions, we can start to build a field-temperature phase diagram as shown in With increased temperatures, the higher field transition barely moves (e. g. At 7.5 K, as shown in Fig. 3 (d) , the higher field transition occurs at 4.5 T), but below about 1.5 T one can see a cascade of closely placed transitions setting in, which are both hysteretic in increasing and decreasing field measurements, as can be seen in Fig. 3  (d) . Above 12.5 K, which corresponds to the transition temperature in zero applied field, the low field transitions disappear and M (B) curves become simpler, with well defined plateaus (Figs. 3 (e) and (f)). Above 25 K all the features corresponding to the various transitions disappear, and the M (B) curve resembles that of a typical paramagnet. The points for the phase diagram are obtained from M (B) data by evaluating the peaks in derivative dM/dB, and are denoted as crossed symbols in Fig. 5 .
A temperature-field phase diagram obtained from our M (T ) and M (B) data is shown in Fig. 5 . This is very similar to the previously reported phase diagrams. 29, 30 . A very early study on polycrystalline CeBi was already able to identify three distinct phase regions in the B − T phase space, which were identified as two antiferromagnetic orderings, and a ferrimagnetic ordering with M = 1/2µ sat , in addition to the field polarized and paramagnetic regimes. 9 Later, more detailed measurements on single crystalline samples were reported, with as many as seven different phases in the same B − T regime. 29 They also observed the hysteretic nature of the transitions, which decreased with increasing temperatures. Followed by this, a neutron scattering study confirmed the AFM ordering and partially assigned magnetic structures to the various phases. 30 They identified the two AFM orderings, the M = 1/2µ sat phase and a variety of mixed phases in between, at low temperatures. For T 12 K, they identified two phases, but were not able to assign a net magnetization value.
With this information in hand, we can try to interpret the phase diagram we have obtained. The various features in Fig. 5 could be understood as follows: Existence of an envelope denoting paramagnetic to antiferromagnetic at higher temperatures, and a full saturation into field polarized state at lower temperatures, with phase boundaries agreeing very well with the existing reports, within which one can see multiple other regions. For T above 15 K, one can see a well defined region of antiferromagnetic order, and two narrow regimes corresponding to roughly 1 4 and 1 3 µ sat values. There also exist a narrow phase in between these, which was not identified in the previous reports 29, 30 . We were not able to assign a locally saturated magnetization value to this phase, given its very limited extent. In the lower temperature regime, between 1.5 T and 4.5 T we have an extended region which corresponds to M = 1 2 M sat , which agrees well with the previous reports, whereas, at lower fields, we have plethora of transitions with ill defined and hysteretic phase boundaries, once again agreeing well with reported mixed phases from the neutron study. 30 Nevertheless, we were not able to assign any specific net magnetization values to phases here either, as opposed to Ref. 30 , because of the large hyeteresis and irreversible nature of the increasing and decreasing field data.
Magnetization both as a function of temperature and magnetic field are plotted in Fig. 6 by combining the data presented in Figs. 4 (a) and (b) . As shown in the figure, data from two sets of measurements agree with each other very well and together they depict various magnetic transitions and plateaus. Figures 3, 4 , and 6 also emphasize that whereas for low temperatures the magnetic plateaus are well saturated at well defined values, as temperature increases the M (B) plateaus have increasing slopes, and values below their lower-temperature ones.
B. Resistance
Electrical resistance measurement in zero field on a cleaved crystal of CeBi is shown in Fig. 2 (b) . The resistance remains relatively invariant at high temperatures, followed by an up rise and then a sharp decrease at ∼ 25 K, associated with loss of spin disorder. The RRR was calculated to be 968. A similar behavior is observed for CeSb as well, but with a much less pronounced upturn. 14 The near 1000 RRR value attests to the high purity of the CeBi samples and strongly argues against any impurity. The inset of Fig. 2 (b) shows the low temperature region with the transitions clearly seen. The first one is around 25 K, and another transition, observed as a relatively small jump in R is seen around 12.5 K. The transition temperatures are determined by taking the local maxima of the derivative dR/dT . 37, 38 Figure 7 shows the temperature and magnetic field dependence of electrical resistance. The temperature dependence of R with various applied fields is shown in Fig. 7 (a) for T ≤ 40 K. Figure 7 (b) shows the intermediate temperature regime where the various transitions are seen. Here, we have denoted the transition temperatures with open symbols (circles, squares, diamonds, and stars) with same shape and color, as those used for the corresponding transitions from magnetization data, in the phase diagram. When magnetic fields are applied, the first transition, denoted by black open circles in Fig. 7 (b) , shifts to lower temperatures, and the second transition, denoted by dark yellow open squares in Fig. 7 (b) , move to higher temperatures before merging into one, at around 4.5 T. Between 2 and 4 T, there is another anomaly appearing, as a small jump in R(T ) data, denoted by open stars in Fig. 7 (b) . Similarly, the metamagnetic transitions could be observed in R(B) data as well. The evolution of various features from R(T ) and R(B) data follows the behavior in magnetization data and agree well with the phase diagram in Fig. 5 . As temperature decreases both Figs. 7 (a) and 7 (c) show that once spin disorder (or magnon) scattering from the Ce 3+ is suppressed by field or temperature, a growing and large positive magnetoresistance emerges. ing well with the feature obtained in M (B) data. At low temperatures there is a power-law like behavior with an experimentally determined power n = 1.6 for fitting MR at 2 K with M R = aB n . At 2 K and 13.95 T, MR reaches a value of 2.9 × 10 5 %, the highest reported such value for members of RBi family. Shubnikov-de Haas (SdH) oscillations are also observed at low temperatures and high fields. With increasing T the quantum oscillations die away and the magnitude of MR decreases, as expected. Above 12 K, a negative MR regime is observed. The steplike features in M R vs. B curves are associated with the metamagnetic transitions, as shown in the inset of Fig. 7 (c). At even higher T , above 100 K, MR becomes positive again, but with comparatively small values. For instance, MR at 100 K and 14 T is 0.84%.
IV. DISCUSSION
We can try to gain a better understanding of the magnetic and transport properties of CeBi by looking more closely at the B − T phase diagram and comparing it with the magnetoresistance behavior. In the phase diagram shown in Fig. 5 , one can observe an envelope of transitions, paramagnetic to antiferromagnetic at higher temperatures, and going to field polarized state at lower temperatures but with higher fields. Within this there is a clear and large region between 1.5 to 4.5 T at lower temperatures and reducing in width at higher temperatures above 15 K. This corresponds to a regime with M = 1/2µ sat . This is seen as a clear plateau in M −T −H data in Fig. 6 . Additionally, we have an antiferromagnetic region, existing between the transition at 25 K and the lower one (near ∼ 12 K in lower fields), denoted by yellow squares in the phase diagram. Then there are narrow stretches of magnetic phases existing between yellow squares and red stars in Fig. 5 . The larger two of these correspond to phases with a net magnetization of M = 1/4µ sat and M = 1/3µ sat , where µ sat is the saturated magnetization close to 2.14 µ B /f.u.. There exists a third phase in between these two, and that has not been reported earlier. Once we enter the low temperature, low field regime, below 12.5 K and less than 1.5 T, we have a bunch of closely placed transitions and phases with ill defined boundaries. This likely corresponds to existence of many near degenerate states, as evidenced by the highly hysteretic behavior of both M (T ) and M (B). We can compare our B − T phase diagram with the various MR regions, to better understand how magnetoresistance is being affected by the magnetic ordering of the regions of the phase diagram. This is achieved through a false color plot of M R as a function of T and B, as shown in Fig. 8 . A change from blue to red colored region shows the variation from negative to positive large MR.
Most conspicuous feature in false color plot is the change from positive to negative MR. Although the lowest field data could suggest that this could be related to the transitions near 10 − 15 K, the fact that this MR sign change exists to fields 2.5 times larger than the metamagnetic transition to the saturated paramagnetic state indicates that this is not the case. The sign change in MR persists from the high field to low field region, unchanged by crossing the B ∼ 4.5 T line. The sign change appears to be associated with the crossover from scattering off of Ce 3+ local moments being the dominant scattering mechanism to the lower temperature impurity scattering regime. One can not rule out the possible existence of a Lifshitz transition unaffected by the magnetic transitions, which could also cause such a change, but this would be coincidental.
The existence of a power-law like behavior of M R(B) calls for the Kohler's rule analysis of this data set. Kohler's rule provides a simplistic approach, where in the classical electron motion in an applied magnetic field leads to a scaling behavior of the form:
Here, F (x) is the scaling function and ∆R = R(T, B) − R 0 where R 0 = R(T, B = 0). Kohler's rule predicts a simple power law behavior of M R(T, B) as long as there is a single, dominant scattering mechanism. Figure  9 shows the Kohler's plot obtained from the resistance R(T ) measured at various fields above 5 T, in the temperature range 1.8 K≤ T ≤ 10 K. As we approach the magnetic transition around 12.5 K, Kohler's rule breaks down. One can see, the various R(T ) data roughly fall on top of each other, indicating the MR behavior at low temperatures being governed by the same physics across a wide range of applied fields. This also shows that the various magnetic transitions in the low temperature low field regime play a less dominant role in electronic transport, as the effects of these on electronic scattering are small compared to the global Kohler's rule behavior. This can be emphasized more by plotting ∆R/R 0 vs. B/R 0 using M R(B) data at 2 K. It agrees well with the curves from various R(T ) data as shown in Fig. 9 . But additionally, if we look carefully at the 2 K curve, shown separately in the inset of Fig. 9 , one can see small glitches in it (indicated by red arrows in the figure) , which corresponds to the field values of 1.1 T and 4.8 T, which are close to the fields where we observe the magnetic transitions. This clearly shows that the effect of magnetic transitions in this regime is comparitively small on the MR behavior. Thus we can say, MR sign change tracks minimum in R(T ) close to 12 K and is most clearly associated with a crossover from low temperature Kohler's rule -like behavior in R with B associated with a normal metal with an anamolously large MR to a higher temperature decrease in R with B associated with saturating the Ce spins and decreasing spin disorder/ magnon scattering.
Shubnikov-de Haas oscillations can be analyzed to gain a better understanding of the electronic structure and Fermi surface. Figure 10 shows the Fast Fourier Transform (FFT) of the oscillations at 2 K, from which we can identify two fundamental frequencies α = 242.9 T and β = 588.6 T, which is in agreement with two of three frequencies observed in earlier de Haas-van Alphen (dHvA) measurements 39 . FFT analysis was done within the field range of 8 − 13.95 T, and up to 7 K. The temperature dependent FFT amplitude of the first frequency α is shown in the inset of Fig. 10 . This was fit with Lifshitz-Kosevich formula 40 , which describes the thermal smearing of the phase, given by R T = αm * T /B sinh(αm * T /B)
The average value of field obtained from 1/B = 1/2 * (1/B min + 1/B max ) was used with B min and B max denoting the range of magnetic field used for FFT. The fit gives an effective mass of m * = 0.48 m e , where m e is the free electron mass, which is higher than the earlier reported value of m * = 0.34 m e from acoustic dHvA studies. 41 During the preparation of this manuscript, we became aware of another work on magnetoresistance behavior of CeBi being published. 42 According to this paper, the anisotropic MR measurements suggest a magnetization governed MR in the temperature regime ∼ 12.8 K -2 K. This is not inconsistent with our results.
V. CONCLUSION
We measured the magnetic and the transport properties of CeBi, on flux grown single crystals. From the magnetization data, we were able to construct a fieldtemperature phase diagram and identify regions with near degenerate states, as well as those with well defined magnetization values. We were also able to identify a new phase region in addition to the existing reports. In addition, we observed a non-monotonic behavior of magnetoresistance with large MR in the low temperature regime, where a power-law, non-saturated behavior is observed, which obeys the Kohler's scaling rule. This gives way to the onset of a negative megnetoresistance region with increasing temperatures, when the magnetic scattering plays the dominant role.
